The effects of adjusting the levels of soil organic matter in a Pbcontaminated soil on the solubility and free Pb 2+ speciation were studied within the pH range 3 to 8. A contaminated orchard soil containing 284 mg Pb kg" 1 was treated with leaf compost to increase soil organic matter and with H 2 O 2 to decrease it, yielding six soil organic matter levels between 25.6 and 83.7 g C kg"
M
OST OF THE Pb present in contaminated soils is insoluble and bound to the solid phase, therefore not extractable by water or dilute salt solutions. Unless the soil pH is quite acidic, only the presence of chelating agents can generate significant quantities of Pb in the soil solution.
It is well known that free Pb 2+ activity increases as pH decreases, with most Pb minerals being less soluble at higher pH (Lindsay, 1979, p. 449) . Although this relationship is indisputable in pure systems without organic matter, very few studies have evaluated Pb speciation or measured free Pb 2+ in soil solution extracts (Santillan-Medrano and Jurinak, 1975; Jopony and Young, 1994; Kalbasi et al., 1995; Sauve et al., 1998) . Solution metal speciation can be accomplished using electrochemistry (Mota and Correia dos Santos, 1995) or through a variety of other techniques, such as resins, ligand exchange, spectroscopy, or size separations (Apte and Batley, 1995) . Each technique has advantages and disadvantages. In the case of Pb, DPASV is one of the most sensitive and simplest techniques (Sauve et al., 1998) . The presence of colloidal organic matter might interfere with the DPASV measurements; conversely, some of the Pb weakly bound to dissolved organic acids might dissociate at the Hg drop, causing an increase in the measured DPASV-labile Pb and overestimating inorganic Pb in solution. Nevertheless, we believe that these analytical problems are manageable and that DPASV is one of the best available techniques for the chemical speciation of Pb 2+ at the low solubilities typical in soils. Published in Soil Sci. Soc. Am. J. 62:618-621 (1998) .
The presence of soil organic matter complicates solubility models. Although the soil organic matter present in the solid phase acts as an exchanger and chelator, thereby decreasing free metal activity with increasing pH, some organic matter also dissolves in the soil solution. The dissolved organic matter (DOM) increases with higher pH and significantly enlarges the pool of organic ligands in the soil solution. The release of dissolved organic ligands into solution could decrease the free Pb 2+ activity in the soil solution even as organo-Pb complexes increase the concentration of dissolved Pb. In real soil systems, organic matter complexation will also be interacting with dissolution-precipitation and chemisorption-desorption reactions.
The objective of this study was to measure the solubility and speciation of Pb in 0.01 M KNO 3 soil extracts in response to pH variations and the addition and removal of soil organic matter. It was expected that this would clearly elucidate the role of solid and dissolved organic matter in Pb solubility and speciation.
MATERIALS AND METHODS
We used a soil collected from the Cornell University orchard (Ithaca, NY), which had received lead arsenate pesticide applications prior to 1970. The sample was collected in the spring of 1996, sieved moist to 6 mm, and stored moist in sealed plastic bags. The soil is a silty clay loam, Hudson series, classified as a fine, illitic, mesic Glossaquic Hapludalf. The natural soil pH (CaCl 2 ) was 5.90 and it contained 284 mg Pb kg" 1 . A leaf compost, collected from a rural location near Ithaca, air dried, and ground in a Waring blender, was used as an organic matter amendment. The pH (CaQ 2 ) of the leaf compost was 7.33 and it contained 379 g C kg"
1 and 18 mg Pb kg-1 .
For each soil and organic matter treatment, 25 g (dry soil equivalent) of moist soil (30.5 g moist) was added to 250-mL polyethylene bottles with 50 mL of a 0.01 M KNO 3 solution and the organic matter treatment. Soil organic matter was increased through the additions of 5 and 15% (w/w) of leaf compost (1.25 and 3.75 g dry). The organic matter reductions were made by adding 1, 4, and 10 mL of 30% H 2 O 2 . The bottles were then shaken on a reciprocal shaker for 20 min every 12 h. After 48 h, aliquots of HNO 3 and KOH were added to generate a pH range between 3 and 8.
The OM-enriched and -depleted soil suspensions were then shaken every other day for 10 min at 200 rpm on a reciprocal shaker. When not shaking, the bottles were left covered but not closed, allowing gas exchange. After 40 d, the samples were centrifuged at 15 000 X g to separate the supernatants. The pH and the electrolytic conductivity were determined in the supernatant before filtration. The solutions were then passed through 0.22-|xm cellulosic membranes, and analyzed for labile Pb by DPASV. The extracts were made 1 mM Na 4 EDTA (ultrapure grade) to preserve the samples before dissolved Pb was determined by graphite furnace atomic absorption spectrometry with a Varian Zeeman SpectrAA instrument (Varian Associates, Sunnyvale, CA). The organic C Abbreviations: DOM, dissolved organic matter; DPASV, differential pulse anodic stripping voltammetry. content of the treated soils was measured using Walkley-Black titrations (Nelson and Sommers, 1982) and DOM was estimated by colorimetry by calibrating the absorbance of the extracts at X = 254 nm with soil extracts of known DOM (Moore, 1985) .
The DPASV analysis yields an estimate of the concentration of labile Pb in the soil solution (Florence, 1986) . Assuming that the DPASV-labile pool represents inorganic species and excludes organic complexes, the activity of Pb 2+ ions can be calculated using known association constants by partitioning the DPASV-labile inorganic Pb into various potential ion pairs and free ionic Pb 2+ (Table 1) . Carbonate equilibrium is calculated assuming equilibrium with atmospheric CO 2 . The free Pb 2+ activity calculated in this way is probably an overestimate, especially at near-neutral pH and above, because it does not account for weak labile organo-Pb complexes.
RESULTS AND DISCUSSION Soil Organic Matter
The soil organic matter treatments resulted in an increase in soil organic matter to 42.7 and 83.7 g C kg"
1 after the addition of 5 and 15% (w/w) leaf compost. The control contained 29.7 g C kg" 1 , and the three H 2 O 2 treatments (1, 4, and 10 mL) resulted in 28.1, 26.6, and 25.6 g C kg"
1 , respectively. The highest H 2 O 2 treatment resulted in a marginally lower soil organic matter content with highly variable and divergent solution properties. This treatment was therefore not included with the interpretation of the data set. The unusual behavior of the high-H 2 O 2 treatment may be due to transformations of mineral components and especially the particle surfaces of the soil (Shuman, 1983) . However, the levels of H 2 O 2 utilized here are below what is usually used to remove soil organic matter (Lavkulich and Wiens, 1970; Omueti, 1980) . The DOM varied between 7.5 and 88.3 mg C L" 1 and follows a simple relationship with the soil organic matter content and pH (Fig. 1) . The DOM increased with higher soil organic matter and also with pH above ~1. The highest soil OM treatment also showed an increase in solubility at lower pH (quadratic function with a minimum at pH ~ 6.5). Overall, the DOM is related to total soil organic matter and pH by the function DOM = -30.83pH + 2. 
Free Lead(II) Activity
The calculated activity of free Pb 2+ ions in the soil solutions, after equilibration, varied between 10~5 M at pH 3 and 10" 10 M at pH 7 to 8 (Fig. 2 ). Figure 2 also shows that DOM had little or no effect on Pb 2+ activity below pH 6. In contrast, at higher pH it appeared to cause a significant increase in activity. The surface of Fig. 2 can be represented by a nonlinear regression (Eq.
[2]) showing that the free Pb 2+ activity can be predicted using quadratic terms for pH (P < 0.001) and a linear term for dissolved organic C (P < 0.01). P Pb 2+ = 2.44pH -0.139pH 2 -0.058DOM -0.79
where pPb 2+ represents the negative log activity of free Pb 2+ . Although the increase in the estimated free Pb 2+ activity at higher pH is probably an artefact due to the sensitivity of DPASV to increasing concentrations of labile organo-Pb pairs in soil solution, this is nevertheless a significant rise in labile Pb, suggesting a concomitant increased mobility and reactivity of Pb in soil solutions at higher pH.
Dissolved Lead
The pH-dependent solubility of Pb varies from 3.6 (jig Pb L~' at neutral pH to 10400 fxg Pb LT 1 under strongly acidic conditions. For comparison, most drinking water remediation criteria are around 10 u.g L" 1 (Subcommittee on Environmental Quality Criteria for Contaminated Sites, 1991). As with pPb 2+ , the relationship of the logarithm of the dissolved Pb to pH is nearly linear until pH = 6, but flattens at higher pH (Fig. 3) . The resulting nonlinear regression is similar to Eq. [2}, with a significant quadratic pH effect (P < 0.001) and a linear OM component (P < 0.01): Dissolved Pb = 2.18 pH -0.14pH 2 -0.024DOM-1.05 R 2 = 0.967***, n = 54
where dissolved Pb is in units of -log M. In this case, the near-constant or increasing Pb solubility at high pH can be attributed to the increasing proportion of Pb hydroxy and carbonate species and especially Pb-OM complexes in solution. Although the data presented graphically appear to show a small solubility increase at high pH on the logarithmic scale, the absolute solubility increase is quite significant. This trend is attributed to increasing dissolved organic C, which causes an increase in the concentration of soluble Pb (Fig. 3) . At pH 8, quadratic regressions for each separate treatment show that the solubility increases with soil organic matter content (data not shown). This suggests that soil organic matter has the potential to increase the solubility of Pb in neutral-pH soils through the formation of organo-Pb complexes. Although Pb complexed with DOM has unknown bioavailability, it is certainly mobile and prone to leaching (Miller and Friedland, 1994) .
Free Lead(II) vs. Total Dissolved Lead
The relative importance of free Pb 2+ relative to dissolved Pb can be determined by comparing the organically complexed (calculated from DPASV-labile Pb) to total dissolved Pb. This reveals that 30 to 50% of dissolved Pb is present in DOM complexes at low pH, and typically up to 80 to 99% at near-neutral pH (Fig. 4) . No trends or effects from the several treatment levels of OM are apparent, although the high variability in the measurements may have obscured such effects. These results demonstrate the importance of organo-Pb complexes, which comprise >90% of dissolved Pb in most of the soil solutions above pH 6, and as much as 50% in strongly acidic solutions. This means that in most agronomic situations, the bulk of the Pb in solution is likely to be present as organic complexes. This also invalidates some speciation schemes which have assumed that Pb is mostly associated with large particles (>0.45 (Jim) and that soil solutions subjected to centrifugation and micron filtration only contain inorganic ionpair species (Jopony and Young, 1994) . Santillan-Medrano and Jurinak (1975) reported Pb 2+ activities in soil solutions that were orders of magnitude higher than our results -but they loaded the soils with metal salts up to 100 000 mg Pb kg" 1 dry soil (10% w/ w). The discrepancy is therefore not surprising. Kalbasi a.
•O 
CONCLUSIONS
The DOM showed a simple relationship to soil pH and soil organic matter content. The solubility of Pb in soil solutions was pH dependent, increasing as the pH was adjusted from 6 to 3. We observed no unequivocal effects of manipulating organic matter content in the acidic pH range. At near-neutral pH, the activity of Pb 2+ showed no clear relationship to pH and a small but significant increase resulting from changing organic matter content. The estimated Pb 2+ activities at pH > 6 show a linear increase with DOM, which may be an indication that labile Pb-organic matter complexes are creating a positive error in the estimate of free Pb 2+ . In the near-neutral pH range, higher soil organic matter content increases DOM, thereby promoting the formation of organo-Pb complexes and increasing Pb solubility.
The speciation results demonstrate that most of the Pb in soil solutions is present as organo-Pb complexes. The results further reveal that increasing soil pH above 6.5 may actually increase the solubility of Pb, raising concerns for metal mobility. The increased lability of Pb at higher pH in a contaminated soil suggests a potential increase in bioavailability, although research is needed to evaluate the toxicity and possible bioaccumulation of Pb-organo complexes relative to free Pb 2+ .
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